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CONTENT REINSTATEMENT AND SOURCE CONFIDENCE 
DURING EPISODIC MEMORY RETRIEVAL 
Emily K. Leiker 
Jeffrey D. Johnson, Thesis Supervisor 
ABSTRACT 
 
 
The retrieval of qualitative information from episodic memory (“recollection”) is 
thought to be supported by hippocampally-mediated reinstatement of the neurocognitive 
processes and representations activated during encoding. Several functional magnetic 
resonance imaging (fMRI) studies have provided evidence for this hypothesis by 
demonstrating stronger reinstatement when participants report recollecting specific 
details compared to when recollection fails, and when more episodic information is 
available for recollection. However, the precise nature of the relationship between 
recollection and reinstatement remains largely unexplored, particularly in regard to the 
extent to which participants might monitor the reinstated information to make their 
memory decision. The current study addressed this issue by examining the relationship 
between a direct behavioral measure of recollection quality – confidence ratings about 
source memory judgments – and the magnitude of neural reinstatement during retrieval. 
Participants viewed a series of words in the context of three encoding tasks, then 
completed a memory test with a two-step response procedure, in which they first 
identified the encoding task (source) previously completed for a given word, then  rated 
their confidence in that source judgment. fMRI data were acquired during encoding and 
retrieval phases, and subjected to pattern classification analyses to obtain an index of 
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reinstatement. The reinstatement effects were examined according to the behavioral 
measure and neural correlates of source confidence. The findings are considered in regard 
to how regions such as left posterior parietal cortex might monitor the reactivated 
episodic information to guide decisions about retrieval quality. 
  
 1 
INTRODUCTION 
 
 
Episodic retrieval refers to the process by which information about previous 
experiences is retrieved from memory. Numerous computational models of memory 
suggest that episodic retrieval relies on a mechanism known as cortical reinstatement, in 
which the pattern of neural activity elicited during initial event exposure is reactivated 
during retrieval of information about that event (Alvarez & Squire, 1994; McClelland, 
McNaughton, & O’Reilly, 1995; Hasselmo & Wyble, 1997; Rolls, 2000; Shastri, 2002). 
According to this account, an event elicits a distributed pattern of cortical activity at the 
time of encoding, which is indexed and stored as a unique, sparse representation by the 
hippocampus (Marr, 1971; Teyler & DiScenna, 1986; Norman & O’Reilly, 2003). 
Activation of the hippocampal representation in response to a subsequently-encountered 
retrieval cue then leads to the reinstatement (or reactivation) of the encoding-related 
pattern of cortical activity for the initial event, which in turn allows additional 
information about the event to be retrieved. Although the involvement of reinstatement 
during episodic retrieval is well supported by several recent neuroimaging studies (for 
reviews, see Rugg, Johnson, Park, & Uncapher, 2008; Danker & Anderson, 2010; 
Rissman & Wagner, 2012), the role of reinstatement in retrieval-based decisions remains 
somewhat unclear. In the current study, we addressed this issue by investigating how 
reinstatement co-varies both with subjective (behavioral) accounts of retrieving specific 
episodic content and the neural correlates of such retrieval.  
Neuroimaging studies of reinstatement during episodic memory typically employ 
a behavioral design consisting of two phases: 1) an encoding phase in which stimuli are 
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presented in the context of different conditions (e.g., stimulus modality or the task 
required), and 2) a retrieval phase in which the stimuli are re-presented for the purpose of 
eliciting reinstatement about the respective encoding condition. The different conditions 
employed during the encoding phase are designed to encourage participants to engage 
distinct cognitive operations and representations, which should result in different patterns 
of cortical activation. A key feature of the retrieval phase is the presentation of simple 
retrieval cues that are devoid of any information regarding the encoding condition in 
which the stimulus previously appeared. To assess whether brain activity elicited during 
encoding is reactivated during retrieval, fMRI data is acquired during both phases. The 
data are then analyzed to identify the degree of overlap (or similarity) in condition-related 
activity across the two phases, which is taken as evidence that encoding-related 
representations and processes were reinstated during retrieval. 
Several neuroimaging studies have employed standard, univariate analyses of 
fMRI data to identify encoding-retrieval overlap that is indicative of reinstatement (e.g., 
Wheeler, Petersen, & Buckner, 2000; Kahn, Davachi, & Wagner, 2004; Johnson & Rugg, 
2007; for review, see Danker & Anderson, 2010). In one study by Johnson and Rugg 
(2007), participants were presented with words in the context of two distinct encoding 
tasks. Words in one condition were superimposed on a landscape image and required 
participants to imagine the object to which the word referred somewhere in the landscape. 
Words in the other condition appeared on a solid gray background and required the 
generation of a sentence incorporating the word. On a later memory test, participants 
were presented with the simple word cues and made judgments about each word 
according to a standard “remember/know” (R/K) procedure (Tulving, 1985). In this 
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procedure, participants distinguish between items for which they remember (R) specific 
details (e.g., something about the superimposed landscape picture, their generated 
sentence, or any other detail from encoding); items they know (K) were previously 
encountered, on the basis of a strong sense of familiarity, but which are not accompanied 
by any specific details; and items they judge as new (not encountered during encoding). 
Analysis of the fMRI data from the encoding phase identified multiple brain regions 
where activity was greater for one condition than the other (and vice versa). Importantly, 
the regions showing encoding-related differences exhibited analogous effects during the 
retrieval phase. This overlap provided evidence of the involvement of reinstatement 
during episodic retrieval. Moreover, the regions associated with reinstatement also 
exhibited greater activity for R than K judgments. This latter finding suggests that 
reinstatement plays a role in the retrieval decision, contributing more to recollection- as 
opposed to familiarity-based memory, consistent with the proposal of computational 
models of reinstatement (Hasselmo & Wyble, 1997; Norman & O’Reilly, 2003). 
Whereas the findings of Johnson and Rugg (2007) supported a relationship 
between reinstatement effects and recollection, it was unclear whether the effects were 
restricted to recollection judgments, or if they were instead graded across different 
retrieval judgments, as would be expected if reinstatement guided the retrieval decision. 
In a follow-up fMRI study, Johnson, McDuff, Rugg, and Norman (2009) addressed this 
distinction. During the encoding phase of the study, participants viewed a series of words 
and completed one of three different tasks for each word. One task probed participants to 
imagine an artist drawing the object denoted by the word, another task required that 
participants generate possible functions that the object could serve, and the third task 
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involved covertly pronouncing the word backwards (hereafter, the Artist, Function, and 
Read tasks, respectively). On a later memory test, old and new words were presented in 
the context of a modified R/K procedure (Woodruff, Johnson, Uncapher, & Rugg, 2005; 
Yonelinas, Otten, Shaw, & Rugg, 2005). The criteria for the R response in this procedure 
was the same as that of the standard R/K procedure. When participants did not remember 
details, however, they were to indicate their confidence that the word was old or new 
using a four-point scale (ranging from “highly-confident old” to “highly-confident new”). 
Importantly, the modified procedure provided sufficient numbers of trials to test for 
reinstatement when item recognition was presumably strong and absent of recollection 
(i.e., for “highly-confident old” judgments).  
Another important feature of the study by Johnson et al. (2009) is its use of 
multivariate – rather than univariate – analyses of fMRI data, which have become 
increasingly common for investigating encoding-related reinstatement during retrieval 
(e.g., Polyn, Natu, Cohen, & Norman, 2005; McDuff, Frankel, & Norman, 2009; Kuhl, 
Rissman, Chun, & Wagner, 2011; for review, see Rissman & Wagner, 2012). This 
increase in popularity is primarily due to the sensitivity of multivariate analyses to detect 
distributed representations of episodic content that may be either weak at the local 
(regional) level or variable across participants (for further discussion, see Mur, 
Bandettini, & Kriegeskorte, 2009; Jimura & Poldrack, 2012). Johnson et al. (2009) 
employed a multivariate technique called multi-voxel pattern analysis (MVPA; for 
reviews, see Haynes & Rees, 2006; Norman, Polyn, Detre, & Haxby, 2006; Tong & 
Pratte, 2012) which involved training a pattern classifier, with fMRI data from the 
encoding phase, to detect differences in neural activity according to the three tasks. The 
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trained classifier was then presented with fMRI data from the retrieval phase and 
evaluated on its ability to determine the prior encoding task associated with each 
individual item. The greater the similarity between the pattern of neural activity elicited 
for an item during encoding and the pattern elicited at retrieval, the more accurate the 
classifier should be at identifying the correct task. Classifier accuracy therefore provided 
an index of the degree to which encoding-related neural activity was reinstated. With this 
approach, Johnson et al. (2009) observed a graded pattern of reinstatement across the 
different memory judgments. Classifier performance was highest for R responses, at an 
intermediate level (though still above chance) for “highly-confident old” responses, and 
lowest for the remaining responses (including low-confidence judgments and misses). 
This graded pattern challenged the idea that R and K responses (the latter corresponding 
most closely with “highly-confident old” responses) distinctively reflect the subjective 
retrieval experiences of conscious recollection versus an acontextual feeling of familiarity 
(Yonelinas, 2002). The findings instead suggest that the subjective quality of these 
retrieval experiences could depend, in part, on whether the level of cortical reinstatement 
surpasses a decision threshold set by the participant. Reinstatement might therefore 
provide a direct measure of the episodic information that becomes consciously available 
to guide the retrieval decision. 
Under the assumption outlined above – that the level of reinstatement correlates 
with subjective distinctions in retrieval quality – a further prediction is that reinstatement 
should co-vary with neural activity in regions that are also sensitive to the amount of 
episodic information retrieved. A number of recent neuroimaging studies have 
demonstrated that activity in regions such as left inferior parietal cortex and hippocampus 
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increases with the retrieval of additional details (e.g., Vilberg & Rugg, 2007, 2009a, 
2009b; Guerin & Miller, 2011; Rugg et al., 2012). Some of these studies have 
manipulated the presentation duration of items during encoding (Vilberg & Rugg, 2009a; 
Guerin & Miller, 2011), which presumably affects the amount of episodic information 
available for later retrieval, whereas others have relied on direct reports from participants 
about the number of details retrieved (Vilberg & Rugg, 2007, 2009b). In a study by 
Vilberg and Rugg (2009a), for example, participants were presented with stimuli 
consisting of multiple pictures of objects and outdoor scenes for one of two durations at 
encoding (1 and 6 seconds). On a subsequent recognition memory test, single instances of 
the objects were presented in the context of a standard R/K procedure. In addition to 
observing a recollection effect in left inferior parietal cortex, such that activity was 
elevated for R versus K judgments (also see Wheeler & Buckner, 2004; Woodruff et al., 
2005; Yonelinas et al., 2005), Vilberg and Rugg (2009a) identified a posterior region of 
this parietal cluster that was further sensitive to the encoding-duration manipulation. 
Specifically, activity was greater for recollected items from the longer (6 s) duration 
relative to that for the shorter duration. A follow-up memory test administered after the 
R/K test phase confirmed that participants could verbally report more details for items 
from the longer duration. Together, these findings have led to the suggestion that 
posterior parietal cortex tracks the accumulation of recollected information in service of 
the memory task (also see Vilberg & Rugg, 2007, 2009b; Guerin & Miller, 2011). 
Leiker and Johnson (2014) recently extended the findings described above by 
investigating the relationship between the magnitude of reinstatement and the amount-
sensitive retrieval activity in left posterior parietal cortex. In line with previous studies of 
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the amount of retrieved information, a behavioral manipulation was used in which words 
were presented for two different durations at encoding (4 or 8 s; Vilberg & Rugg, 2009a; 
Guerin & Miller, 2011). To encourage participants to encode different types of 
information, three encoding tasks were employed orthogonal to the duration 
manipulation. Two of the encoding tasks were identical to the Artist and Function tasks 
previously described (Johnson et al., 2009; McDuff et al., 2009); the third task, hereafter 
referred to as the Cost task, required participants to think about the relative cost of each 
item and was used to ameliorate the low levels of memory performance previously 
associated with the Read task (see Johnson et al., 2009). The retrieval test consisted of the 
modified R/K procedure discussed earlier. As in Johnson et al. (2009), MVPA was 
conducted on the fMRI data to track the episodic content specific to the three tasks across 
encoding and retrieval. The analyses confirmed that neural patterns elicited during 
retrieval resembled those occurring during encoding, providing evidence of 
reinstatement. Furthermore, the magnitude of reinstatement differed according to the 
previous presentation duration of items at encoding. As shown in Figure 1, retrieval of 
items from the longer encoding duration elicited a greater degree of reinstatement than 
items from the shorter duration. Crucially, this reinstatement effect was mirrored by the 
expected amount-related difference in activity in left posterior parietal cortex, with 
greater activity in this region occurring during retrieval of items from the longer duration 
(as in Vilberg & Rugg, 2009a; Guerin & Miller, 2011; also see Vilberg & Rugg, 2007, 
2009b). Together, these findings are consistent with the hypothesis that left posterior 
parietal cortex is sensitive to the accumulation of reinstated episodic information during 
retrieval.  
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The Current Study 
Although amount-related differences in reinstatement magnitude were concurrent 
with changes in posterior parietal activity in our previous study (Leiker & Johnson, 
2014), uncertainty regarding the extent to which participants monitored the reinstated 
information to inform their memory decision was a significant limitation. In particular, 
participants in the previous study were given only a single recollection-based response 
option at test, and thus we could not make any claims about whether they were aware of 
variation in the amount of information recollected on a trial-by-trial basis. In light of this, 
the current study was designed to investigate the extent to which the magnitude of neural 
reinstatement might directly contribute to the subjective outcome of memory retrieval 
attempts.  
Our participants first viewed a series of words in the context of three encoding 
tasks: Artist, Function, and Cost (see Figure 2A; also see Leiker & Johnson, 2014). At 
test, participants completed a two-step response procedure for old and new words, as 
shown in Figure 2B. The first step required participants to identify which encoding task 
(source) was previously completed for a given word, or that the word was new. In the 
second response step, participants made judgments on a three-point scale to indicate their 
level of confidence in making the initial source judgment. Presumably, the source 
confidence judgments required participants to focus on and assess the retrieval of 
specific, task-related information that accompanied each test item. This procedure was 
therefore more ideal than the encoding-duration manipulation of the previous study for 
parametrically tracking the amount (or strength) of encoding-related reinstatement.  
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As in our previous studies (Johnson & Rugg, 2007; Johnson et al., 2009; Leiker & 
Johnson, 2014), fMRI data were acquired during both the encoding and retrieval phase. 
MVPA was used to track informational content about the three encoding tasks across the 
encoding and retrieval phases, providing a measure of reinstatement associated with each 
test item. Based on the prior findings of stronger reinstatement when more information is 
recollected (Leiker & Johnson, 2014), we predicted that the magnitude of reinstatement 
would increase with increasing source confidence. That is, we expected reinstatement 
would be greatest for high-confidence responses and lowest for low-confidence 
responses. As an extension of this hypothesis, our analyses also focused on assessing the 
degree of encoding-related reinstatement in relation to activity in the brain regions that 
appear to track the amount (or strength) of retrieved information. Judgments of source 
memory confidence have been previously shown to give rise to graded effects in left 
posterior parietal cortex similar to the changes in activity arising from manipulations of 
amount (e.g., Hayes, Buchler, Stokes, Kragel, & Cabeza, 2011; Yu, Johnson, & Rugg, 
2012a). Based on these findings, activity in parietal regions, as well as in hippocampus 
(Rugg et al., 2012; Yu et al., 2012a, 2012b), was expected to correlate positively with the 
magnitude of encoding-related reinstatement. Correlational analyses, both at a within-
participant (trial-by-trial) level and across participants, were performed to address this 
relationship. Positive findings from these analyses would provide compelling support for 
the hypothesis that the levels of activity in posterior parietal cortex and hippocampus 
signify the tracking of reactivated episodic information in service of retrieval judgments.  
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Figure 1.  Classifier evidence for reinstatement of encoding-related neural activity during 
recollection, reported in Leiker and Johnson (2014). Evidence is computed as the 
difference between classifier output for the correct encoding task and the mean classifier 
output for the two remaining (incorrect) tasks (chance = 0). Time courses of mean 
classifier evidence (error bars: ±SEM) are displayed for test items from the long and short 
encoding durations, beginning with item onset (TR 1). TR = repetition time, 2-s each. R = 
remember. 
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METHOD 
 
 
Participants 
Twenty-one volunteers were recruited from the University of Missouri (MU) 
student population and received either course credit or monetary compensation for their 
participation. Participants were self-reported to be right-handed, native-English speakers, 
with normal or corrected-to-normal vision, no history of neurological disease, and no 
other MRI contraindications. Data from five participants were excluded from all 
analyses: one participant was excluded for not completing the experiment, another for not 
following instructions for the response buttons, and three others were excluded due to 
insufficient numbers of trials. The final sample consisted of 16 participants (9 males, 7 
females) with a mean age of 19 years. Informed consent was obtained from all 
participants in accordance with the guidelines of the MU Health Sciences Institutional 
Review Board.  
Stimuli and Design 
The stimuli consisted of a pool of 308 words drawn from the MRC database 
(Coltheart, 1981; Wilson, 1988; http://websites.psychology.uwa.edu.au/school/ 
MRCDatabase/uwa_mrc.htm). Each word met the following selection criteria: four to 
nine letters in length (M = 5.5, SD = 1.3), a written frequency between one and 50 per 
million (M = 16.9, SD = 13.1; Kucera & Francis, 1967), and scores of at least 500 on 
scales of familiarity (M = 581.9, SD = 34.6), concreteness (M = 539.1, SD = 27.5), and 
imagability (M = 581.6, SD = 31.2). All stimuli appeared in white uppercase 36-point 
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Arial font on the black background of a screen, which was positioned at the head of the 
magnet bore and viewed through a mirror placed in front of participants’ eyes. 
For each participant, 216 words were randomly selected from the stimulus pool 
for presentation during the encoding phase. These words were randomly assigned to one 
of three encoding blocks (72 words each) and to one of three encoding tasks within each 
block (resulting in 24 items per block/task combination). Of these encoding stimuli, 162 
were re-presented as old items during the retrieval phase, along with 54 words randomly 
selected from the pool to serve as new items (not studied). The retrieval phase was also 
divided into three blocks (72 words each), with equivalent numbers of stimuli from each 
encoding block/task combination presented in each retrieval block. The remaining thirty-
eight words from the pool were used during instruction and practice phases. 
Behavioral Procedure 
Prior to entering the scanner, participants received instructions and completed a 
short practice version of the encoding phase. Once in the scanner, participants completed 
the three encoding blocks, followed by an anatomical scan, instructions and practice for 
the retrieval phase, and the three retrieval blocks. Instructions and practice for the 
retrieval phase were delayed until immediately prior to that phase to prevent any 
influence on encoding strategy.  
For the encoding phase, participants were informed that they would be presented 
with a series of words and would need to think about each word in the context of one of 
three tasks.  Participants also received instructions to make responses about each task on 
a four-point scale by pressing buttons with their right index through little fingers. A 
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schematic of this procedure is shown in Figure 2A. The three tasks – referred to as the 
Artist, Function, and Cost tasks – were selected for their ability to elicit elaborate and 
distinct processing (also see Johnson et al., 2009; McDuff et al., 2009; Leiker & Johnson, 
2014). The Artist task required participants to imagine how an artist would draw the 
object denoted by the word and to rate the difficulty of drawing that object from 1 
(”easy”) to 4 (“hard”). The Function task required participants to think of as many 
different functions as they could for the object and to respond with the number of 
functions generated from “1” to “4”. The Cost task required participants to think about 
the relative cost of the object and to rate the cost from 1 (“low”) to 4 (“high”). To 
facilitate the identification of distinct patterns of brain activity elicited by the three tasks, 
encoding stimuli were grouped into mini-blocks in which a particular task was completed 
for four consecutive words. Mini-blocks began with a 3-s instructional display indicating 
the task to be completed and the response options for the upcoming words. The 
instructional display remained on screen throughout the mini-block. Each encoding word 
was then centrally displayed for 3 s, with an asterisk appearing above the word for the 
final second of display to indicate that participants should make their response. The next 
word in the mini-block immediately followed. Upon completion of each mini-block, a 
central fixation cross appeared for 2, 4, or 6 s (12, 4, and 2 instances, respectively, in 
each encoding block) until the next instructional display. The mini-blocks were pseudo-
randomly ordered to prevent consecutive completion of the same task.  
For the retrieval phase, participants completed a memory test for a series of 
intermixed words that either appeared in the prior encoding phase (old) or did not (new). 
The memory test employed a two-step response procedure, as shown in Figure 2B. The 
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first step required participants to make a four-alternative source-memory choice 
indicating the encoding task previously performed for a given word or that the word was 
new (“A”, “F”, “C”, or “N”, respectively described to participants as “Artist”, 
“Function”,  “Cost”, and  “New”). The ordering of these responses was counterbalanced 
across participants, such that half of the participants used the index through pinky finger 
of their right hand to indicate “A”, “F”, “C”, and “N”, while the other half used the pinky 
through index finger of their left hand to indicate “N”, “C”, “F”, and “A” . For the first 
step, each test item was centrally displayed for 3 s, with the four response options 
simultaneously appearing at the bottom of the screen, and participants were instructed to 
make their response during this time. If participants indicated an encoding task for a 
given test item (regardless of whether it was the correct task), the second step of the 
response procedure proceeded. In this step, the test item disappeared and a new set of 
response options appeared along the bottom of the screen for 3 s. During this time, 
participants made one of three button-press responses to indicate their relative confidence 
(“1”, “2”, or “3”, respectively described to participants as “low”, “moderate”, and “high”) 
for the preceding source-memory decision. For this response, participants were instructed 
to use the hand opposite the one they used to make the source memory decision. The 
ordering of these responses was also counterbalanced, with half of the participants using 
the ring through index finger of their left hand to respond “1”, “2”, or “3”, and the other 
half of participants using the index through ring finger of their right hand to respond “3”, 
“2”, or “1”. Judgments indicating that a test item was new for the first step, however, 
were followed by the presentation of a centrally displayed fixation cross instead of the 
aforementioned confidence-rating options for the same amount of time (3 s). The central 
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fixation marker occurring between trials was presented for a randomly-chosen interval of 
3, 5, or 7 s (48, 16, and 8 instances, respectively, in each test block). Responses occurring 
beyond any of the designated time windows were not analyzed. 
MRI Data Acquisition and Preprocessing 
Whole-brain MRI data were obtained at the MU Brain Imaging Center on a 3-
Tesla Siemens Magnetom TIM Trio scanner equipped with an 8-channel head coil 
(Siemens Medical Solutions, Erlangen, Germany). fMRI data were acquired using an 
echo-planar imaging (EPI) pulse sequence sensitive to blood-oxygen-level dependent 
(BOLD) contrast (T2*-weighted, 2-s TR, 30-ms TE, 90° flip angle). Each fMRI volume 
consisted of 32 axial slices (3-mm thick, 1-mm gap, ascending interleaved acquisition) 
with an in-plane resolution of 3 × 3 mm (192-mm FOV, 64 × 64 matrix). The fMRI data 
were acquired in six separate runs, corresponding to the three encoding-phase blocks 
(220 volumes each) and the three retrieval-phase blocks (332 volumes each). T1-
weighted anatomical data were acquired sagittally with an MP-RAGE pulse sequence 
(176 slices, 256-mm FOV, 1-mm isotropic voxels). 
The fMRI data were pre-processed with the SPM8 toolbox (Wellcome Trust 
Centre for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/spm) in MATLAB 
(R2012a; MathWorks, Natick, MA) prior to analysis. The data were spatially realigned to 
the first volume of the first run and then to the mean volume across runs. Differences in 
slice-acquisition time were corrected by temporally shifting (via sinc interpolation) the 
time series of each voxel to the TR midpoint. The functional and anatomical data were 
then co-registered. A unified segmentation procedure (Ashburner & Friston, 2005) was 
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used to segment the anatomical data into gray and white matter and to deform the 
resulting images to a set of standard tissue probability maps (International Consortium for 
Brain Mapping; http://www.loni.ucla.edu/ICBM/). The fMRI data were then normalized 
with the deformation parameters determined by the segmentation procedure and 
resampled into 3-mm isotropic voxels. For the univariate analyses, the normalized data 
were smoothed by an 8-mm full-width half-maximum Gaussian kernel, and the time 
series in each voxel was high-pass filtered at 1/128 Hz and scaled to a grand mean of 100 
(over all voxels). For the multivariate analyses, the normalized data were kept 
unsmoothed, and the time series for each voxel were linearly and quadratically detrended 
and z-scored within scanning runs. 
Analysis of the fMRI Data 
The fMRI analyses employed a combination of univariate and multivariate 
approaches. Group-based univariate analyses were used to identify regions sensitive to 
the confidence of source-memory judgments. Multivariate analyses, conducted on an 
individual-participant basis, involved training a pattern classifier to detect differences in 
neural activity across the three tasks at encoding and testing the classifier on data from 
the retrieval phase. Classifier performance therefore depended on the extent to which 
there were similarities in the neural activity patterns across encoding and retrieval, 
providing an index of reinstatement. The reinstatement measure was then assessed 
according to activity in the regions sensitive to source confidence (from the univariate 
analyses), allowing us to evaluate our hypotheses about the relationship between those 
regions and the reinstatement measure.  
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Univariate Analyses.  Univariate analyses were performed only on data from the 
test phase, using a 2-stage mixed effects model in SPM8. For the first stage, items during 
the test phase were divided into four conditions of interest: old words eliciting correct 
source judgments followed by high confidence responses, old words eliciting correct 
source judgments followed by moderate and low confidence responses, old words 
eliciting incorrect source or new (miss) responses, and new words that were correctly 
rejected. The neural activity elicited by each test word was modeled as a delta function 
(i.e., impulse event) at stimulus onset. The resulting condition-wise functions were 
convolved with a canonical hemodynamic response function (HRF) to model the ensuing 
BOLD response, then downsampled at the midpoint of each scan to form covariates 
(defined below) in a General Linear Model (GLM). The parameters for each covariate 
and the hyper-parameters governing the error covariance were estimated using a 
restricted maximum-likelihood (ReML) method. Non-sphericity of the error covariance 
was accommodated by an AR(1) model, in which the temporal autocorrelation was 
estimated by pooling over suprathreshold voxels (Friston et al., 2002). In addition, 
covariates were used to account for trials with multiple or omitted responses, motion-
related effects (determined during image realignment), and across-session (constant) 
effects.  
The second stage of analysis involved contrasting of the aforementioned 
parameter estimates, treating participants as a random effect. The primary contrast of 
interest was the effect of greater activity for high-confidence compared to moderate- and 
low-confidence source judgments (cf. Yu et al., 2012a, 2012b). Other contrasts (e.g., high 
> moderate > low confidence) were also examined but did not reveal any additional 
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regions that were of interest. All contrasts consisted of one-sample t-tests, and were 
thresholded for 10 or more contiguous voxels surviving p < 0.001, unless otherwise 
noted. 
Multivariate Analyses.  Multivariate analyses were primarily conducted with the 
Princeton Multi-Voxel Pattern Analysis (MVPA) toolbox (The Princeton Neuroscience 
Institute, Princeton, NJ; https://code.google.com/p/princeton-mvpa-toolbox/), with 
additional functionality implemented in SPM8 and custom MATLAB code. These 
analyses followed a pattern-classification procedure that was carried out for each 
participant individually, and the results were then averaged across participants. The 
classifiers employed here were based on regularized (L2) logistic regression, in which 
weights for multiple input features of a model were simultaneously estimated and then 
summed to generate the model output. A pattern of input features was comprised of the 
activity (intensity) levels of individual voxels obtained from a single time point (TR) of 
fMRI data. Each pattern was labeled according to the experimental condition (i.e. the 
encoding task) with which it corresponded, in order to train the classifier to discriminate 
between conditions. With respect to the onset of each encoding word (corresponding to 
what we hereafter refer to as the first TR), the fMRI patterns from 4-8 s post-stimulus 
onset (the third and fourth TRs) were labeled according to the task completed. This shift 
in TRs roughly corresponds to the delayed peak of the canonical HRF (also see Johnson 
et al., 2009; Rissman, Greely, & Wagner, 2010; Kuhl, Rissman, & Wagner, 2012) and 
resulted in 8 input patterns for each miniblock. A feature-selection procedure was also 
used to select the 5000 voxels exhibiting the largest F-values from an ANOVA 
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contrasting the three tasks (conducted separately for each cross-validation iteration), 
thereby reducing the influence of less informative voxels. A regularization (L2) value of 
100 was also used for each classification. 
The trained classifier was evaluated by presenting it with fMRI data from the 
retrieval phase and assessing its ability to predict the prior encoding task condition 
(Artist, Function, or Cost) associated with each test item. Classifier performance was 
assessed with two measures: accuracy and evidence. Whereas accuracy corresponds to a 
simplified index of performance over multiple trials, classifier evidence provides a more-
graded measure of the magnitude of performance. These two measures are described in 
further detail in the corresponding sections of the Results. In addition to assessing these 
measures at the fourth and fifth TRs following each test item (i.e. where classifier 
performance should peak), we also constructed peri-stimulus time courses of 
performance beginning with item onset (TR 1) and lasting for 8 TRs (similar to what is 
shown in Figure 1 for our previous study).  
Finally, to identify those voxels that were influential to the classification, 
importance maps were created by multiplying the trained weight for a given voxel by its 
average activity during the encoding phase. Voxels with positive values for both the 
activity and weight were assigned positive importance values, voxels with negative 
values for activity and weight were assigned negative importance values, and those with 
opposite-signed activity and weight were assigned importance values of zero (Johnson et 
al., 2009; McDuff et al., 2009; cf. Polyn et al., 2005). Because these importance maps are 
purely descriptive, they are relegated to the Appendix. 
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Figure 2.  Schematics of the task sequence and example stimuli for the encoding and 
retrieval phase. (A)  During the encoding phase, participants viewed a series of words in 
the context of three encoding tasks (Artist, Function, Cost). Depending on the task for 
which a given word was presented, participants were instructed either to imagine how an 
artist would draw that item and rate the difficulty of drawing the item (Artist), think of as 
many functions as possible for the item and indicate the number of functions they 
generated (Function), or think about the relative cost of the item and rate that cost (Cost). 
The sequence of trials during each of the encoding tasks began with the presentation of 
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the respective task instructions and response options, along with a central fixation cross 
for 3 s. Next, words were presented in place of the fixation cross for 3 s each. A star 
appeared above each word for the final 1 s of display to indicate that a response should be 
made. (B)  During the retrieval phase, participants viewed a series of randomly 
intermixed old and new words, and responded in a two-step procedure: first, participants 
indicated the source (encoding task) for a given word, or that a word was new; next, if 
participants designated the source for an item, they then indicated their confidence in that 
source decision (participants did not make confidence decisions following a new 
response). Each trial began with the presentation of an old or new word, along with the 
source (A, F, C) and new (N) response options for 3 s. Following a source response, 
confidence ratings (1, 2, and 3, described respectively to participants as low, moderate, 
and high confidence) were then displayed for 3 s (shown left). Participants were required 
to make their responses within the 3-s timeframe for each step (source and confidence 
decisions).Following a new response, a fixation cross appeared for 3 s and no additional 
response was required (shown right).  
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RESULTS 
 
 
Behavioral Results 
The behavioral data from the retrieval phase were first analyzed according to item 
recognition, which entailed collapsing across the first-step test responses to disregard 
whether source memory was correct or incorrect. The proportions of correct item-
recognition responses and the associated response times (RTs) are provided in Table 1. 
As shown, participants were highly and comparably accurate at recognizing items from 
each of the three prior encoding-task conditions and rejecting new items. A one-way 
ANOVA of the mean proportions of correct responses indicated no significant 
differences across the four item conditions (p = .17). For the mean RTs associated with 
these correct responses, an ANOVA revealed a significant effect of item condition 
(F(3,45) = 23.22, p < .001). Follow-up pair-wise tests revealed that RTs were shorter for 
new items compared to each of the other conditions (all t(15) > 2.20, p < .05) and also 
shorter for items from the artist condition relative to those from the function and cost 
conditions (t(15) = 5.82, p < .001; t(15) = 5.03, p < .001, respectively). 
 The correct item-recognition responses to old items were next segregated 
according to whether they indicated the correct versus incorrect source judgment. The 
proportion and RT data for these responses are also provided in Table 1. As shown in the 
table, participants responded with the correct source judgment on the majority of trials. 
Due to the infrequency of incorrect source responses and new responses to old items 
(misses), the remaining behavioral analyses were restricted to correct source judgments. 
A one-way ANOVA of the mean proportions gave rise to a significant effect of prior task 
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(F(2,30) = 6.9, p < .005). Source recognition was higher for the artist items relative to 
items from the other task conditions (vs. function: t(15) = 2.77, p < .05; vs. cost: t(15) = 
4.06, p < .005). An ANOVA of the correct-source RTs also revealed a significant effect 
of prior task (F(2,30) = 15.41, p < .001), indicating that RTs for items from the artist 
condition were shorter than those for the other conditions (vs. function: t(15) = 4.17,  
p < .001; vs. cost: t(15) = 5.07, p < .001).  
  We next assessed the confidence ratings associated with correct source 
judgments, the mean proportions of which are shown in Table 2. These data were 
analyzed with a two-way ANOVA that included factors of prior task (artist, function, 
cost) and confidence (high, moderate, low). The analysis revealed a significant main 
effect of confidence (F(2,30) = 67.11, p < .001) and a significant interaction (F(4,60) = 
8.03, p < .001). To interpret the interaction, we examined the effect of prior task 
separately within each confidence level. An ANOVA of the proportions of high-
confidence responses revealed a significant task effect (F(2,30) = 11.58, p < .001), 
indicating a larger proportion of high-confidence responses for items from the artist task 
compared to those from the function and cost tasks (t(15) = 4.91, p < .001; t(15) = 2.50,  
p < .025, respectively). There was also a significant effect of task for moderate-
confidence judgments (F(2,30) = 8.33, p < .005), which indicated a larger proportion of 
moderate-confidence responses for items from the function task as opposed to the artist  
task (t(15) = 4.53, p < .001). The ANOVA of low-confidence judgments did not reveal a 
significant effect (p = .86).  
Finally, we did not analyze the RTs associated with the source-confidence 
judgments, as these data were deemed uninformative given that participants could have 
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anticipated the timing of the cue to make their confidence judgment (due to a lack of 
temporal jitter separating the first and second response steps). We instead segregated the 
mean RTs for the correct-source judgments (first-response step) according to the 
confidence response that followed. Due to the low frequencies of moderate- and low-
confidence responses, we collapsed the RT data over these two response types. The RTs 
for the collapsed moderate- and low-confidence responses (M = 2074 ms, SD = 205) were 
significantly longer than those associated with high-confidence judgments (M = 1740 ms, 
SD = 149; t(15) = 8.78, p < .001).  
fMRI Results  
Reinstatement and Source Confidence.  The fMRI analysis first employed MVPA 
to examine the reinstatement of patterns of neural activity from encoding at the time of 
retrieval. Using fMRI data from the encoding phase, we trained a whole-brain pattern 
classifier for each participant to distinguish between the three encoding tasks (Artist, 
Function, and Cost). Following training, the classifier was independently evaluated with 
the data from the retrieval phase. Classifier performance at correctly identifying the prior 
encoding task for a given test item should reflect the degree to which neural activity 
associated with that task is reactivated (reinstated) during retrieval.  
To provide an initial assessment of reinstatement, we obtained a simple measure 
of how accurate the classifier was at identifying the prior encoding task associated with 
test items. Time courses of classifier accuracy were constructed starting with the onset of 
each test item (the first TR) and extending for seven additional TRs (14 s), allowing us to 
capture the expected delay in the hemodynamic response associated with each item. 
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Accuracy should be near chance (33%, given that there were three tasks) at item onset, 
peak around 8 seconds later, and finally return to chance for the next trial (due to items 
being randomly drawn from the three tasks). Figure 3A shows the accuracy results for 
items that were designated with correct source judgments (collapsed across the 
subsequent confidence judgments). As shown, the time course of classifier accuracy 
followed the delayed progression that we anticipated, peaking at the fourth TR. To avoid 
inflating the family-wise (Type 1) error rate that would likely result from testing the data 
against chance at each TR, we limited our analysis to data averaged over the fourth and 
fifth TRs, based on previous studies demonstrating peak effects in that time period (e.g., 
Johnson et al., 2009; Kuhl et al., 2012). Classifier accuracy averaged over those TRs 
reached 42%, which was significantly greater than chance (t(15)= 6.06, p < .001, one-
tailed).  
We next turned our analysis to investigating whether encoding-related 
reinstatement differed according to the confidence with which participants reported 
retrieving source information. To assess the magnitude of reinstatement, we computed 
the difference between classifier output for the correct encoding task for a test item and 
the mean classifier output for the two remaining (incorrect) encoding tasks. This measure 
of classifier evidence therefore reflects the strength that the classifier preferred the correct 
encoding task. As preference for the correct task increases, classifier evidence will rise 
above zero; preference for the incorrect encoding tasks will correspond to a negative 
evidence value, while a value of zero indicates chance performance.  
To investigate how reinstatement magnitude might vary with source confidence, 
we obtained separate measurements of classifier evidence for the different confidence 
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responses. As described earlier for the behavioral results, low numbers of items received 
either moderate- or low-confidence judgments. Thus, we collapsed the results for these 
items into a single category, which we hereafter refer to as “low” confidence. This 
procedure ensured that each category of confidence (low and high) was associated with at 
least 12 trials per participant. (The results of a subsidiary analysis in which each 
confidence level was examined individually are provided in the Appendix.) Time courses 
of classifier evidence for items judged with high and low confidence, obtained for eight 
consecutive TRs starting with item onset, are displayed in Figure 3B. As shown, evidence 
for items designated with high confidence appeared to exceed that for low confidence. As 
was done with classifier accuracy, we collapsed the evidence measure over the peak 
period of the fourth and fifth TRs for statistical analysis. As anticipated, classifier 
evidence for high-confidence significantly exceeded chance (t(15) = 6.42, p < .001, one-
tailed). In contrast, evidence associated with low confidence was not greater than chance 
(p = .09, one-tailed). Importantly, classifier evidence was significantly greater for items 
designated with high confidence than those designated with low confidence (t(15) = 2.62, 
p < .01, one-tailed).  
Reinstatement and Neural Correlates of Source Confidence.  Having 
demonstrated variation in the magnitude of reinstatement according to source memory 
confidence, we next sought to relate the reinstatement effects to regions where the level 
of activity is sensitive to source confidence. Regions of this type were identified with a 
univariate (GLM-based) analysis of greater activity for items designated with high 
compared to low source confidence, collapsing over the previous encoding task 
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conditions. The outcome of this analysis (thresholded at p < .001 for 10 contiguous 
voxels) is shown in Figure 4A and detailed in Table 3. As shown, several regions – 
including left posterior parietal cortex, medial prefrontal cortex (PFC), and posterior 
cingulate – exhibited greater activity for items associated with high confidence (also see 
Yu et al., 2012a, 2012b).  
One notable region missing from the foregoing results is the hippocampus, in 
which activity has also been previously shown to correlate with graded changes in 
episodic retrieval (Rugg et al., 2012; Yu et al., 2012b). To further test for effects in this 
region, we repeated the above analyses using an anatomically-defined mask of bilateral 
hippocampus (Tzourio-et al., 2002). Doing so allowed us to reduce the family-wise error 
rate and thus use a more liberal threshold of p < .005 for 5 contiguous voxels (also see 
Vilberg & Rugg, 2007; Rugg et al., 2012). The results of this analysis, shown in Figure 
4B, comprised clusters in left (20 voxels; peak coordinates: -27, -16, -17; peak z = 3.10) 
and right (12 voxels; peak coordinates: 42, -16, -17; peak z = 3.15) anterior hippocampus 
where activity was greater for high- than low-confidence responses.  
The outcome of the foregoing analysis was next used to construct regions of 
interest (ROIs) that could be used in correlational analyses with the effects of 
reinstatement magnitude. In addition to treating the voxels identified by the univariate 
analysis as a whole (i.e. one ROI including all of the voxels reported in Table 3), we also 
extracted the time-course data from five separate ROIs – corresponding to left posterior 
parietal cortex, medial PFC, posterior cingulate, and bilateral hippocampus – that have 
been consistently identified in previous studies as sensitive to recollection (Yu et al., 
2012a, 2012b; Rugg et al., 2012). The extracted time courses for these regions are 
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displayed in Figure 5. These time-course data should exhibit effects that are analogous to 
the GLM-based parameter estimates used to identify these regions (i.e. high > low 
confidence). Indeed, averaging over the fourth and fifth TRs gave rise to a significant 
effect for each of these ROIs (all t > 2.44, p < .05), with the exception of left 
hippocampus (p = .1). We note further that the correlational analyses relating 
reinstatement magnitude to each of these measures – the peak time course and the 
parameter estimates – gave rise to similar results. Only the results based on the time 
courses are reported here, as those data were subjected to the same pre-processing 
methods as the data used for the classification (reinstatement) analysis. 
The correlational analyses first took an across-participant approach, in which the 
mean activity from each ROI described above and the mean reinstatement magnitude (as 
defined by the measure of classifier evidence) was extracted for each participant. This 
analysis was first performed on data collapsed over all trials in which a correct source 
response was made (without regard to the confidence response). Correlating 
reinstatement with each ROI resulted in a significant positive relationship for the left 
posterior parietal region (Spearman’s r = .66, p < .01). These data are shown in Figure 6. 
None of the other ROIs exhibited a significant correlation (range of r-values: .04 to .24, 
all p > .1). For the left posterior parietal region, secondary correlational analyses 
performed separately for high- and low-confidence responses yielded a significant result 
for both high- and low-confidence responses (r = .68, p < .01; r = .51, p < .05, 
respectively). These data are also displayed in Figure 6. Further analyses, in which we 
accounted for the overall level of activity in the voxels exhibiting reinstatement effects 
(i.e. included in the classification analyses), yielded the same pattern of effects, with a 
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significant positive relationship evident between reinstatement and left posterior parietal 
activity (r = .64, p < .01).  
Finally, we extended the correlational analyses by examining the correspondence 
between classifier evidence and ROI activity on a trial-by-trial basis. For these analyses, 
the individual-trial values of reinstatement magnitude and the level of activity in a given 
ROI were correlated separately for each participant. The r-values for each participant 
were then transformed into z-values (Fisher, 1915), and one-sample t-tests were used to 
compare these values to zero (for a similar approach, see Staresina, Henson, 
Kriegeskorte, & Alink, 2012). In contrast to the results of the across-participant analyses 
reported above, a significant negative correlation was identified for the left posterior 
parietal ROI (M = -.07, SD = .11; t(15) = 2.35, p < .05). None of the results for the other 
ROIs reached significance (range of M z-values: -.04 to -.01, all p > .2).  As before, 
partialling-out the overall level of activity in reinstatement voxels yielded the same 
pattern of results, in which the correlation was significant only for the left posterior 
parietal region (r = -.06, p < .05; for all other ROIs, range of r-values: -.02 to .01, all  
p > .2).  
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Table 1.  Mean (SD) correct proportions and corresponding response times (RTs) 
according to item and source recognition during the retrieval phase. 
 Item condition 
 Artist Function Cost New 
Item recognition     
Proportion 0.90 (0.09) 0.85 (0.09) 0.85 (0.07) 0.83 (0.15) 
RT (ms) 1774 (183) 1974 (169) 1930 (164) 1646 (221) 
Source recognition     
Proportion 0.74 (0.16) 0.63 (0.16) 0.61 (0.15)  
RT (ms) 1704 (212) 1944 (184) 1891 (127)  
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Table 2.  Mean (SD) proportions of each confidence judgment for correct source 
responses. 
 Item condition 
 Artist Function Cost 
Confidence level    
High 0.57 (0.20) 0.40 (0.21) 0.43 (0.17) 
Moderate 0.11 (0.07) 0.17 (0.11) 0.11 (0.09) 
Low 0.04 (0.04) 0.04 (0.04) 0.04 (0.03) 
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Table 3.  Regions exhibiting greater activity for high-confidence compared to low-
confidence (moderate and low collapsed) source judgments. 
Region Brodmann area k Peak z Peak coordinates 
(x, y, z) 
Ventral medial prefrontal 
cortex 
32 489 4.90 0, 23, -11 
R white matter (frontal)  32 4.61 27, 5, 22 
L angular gyrus 39 65 4.55 -60, -67, 25 
L anterior middle 
temporal gyrus 
21 123 4.40 -51, 8, -32 
L anterior medial 
prefrontal cortex 
10 62 4.10 -12, 59,7 
Posterior cingulate 31 93 4.09 -6, -40, 43 
L superior frontal gyrus 9 54 4.08 -6, 62, 37 
L superior temporal 
gyrus 
22 52 4.06 -63, -49, 13 
R cuneus 19 128 4.00 15, -88, 37 
R anterior middle 
temporal gyrus 
21 52 3.98 60, 5, -17 
L inferior parietal lobule 40 40 3.87 -63, -40, 37 
R angular gyrus 39 11 3.83 57, -70, 25 
L cuneus 7 10 3.76 -15, -88, 46 
R inferior parietal lobule 40 18 3.70 69, -25, 40 
R insula 21 11 3.70 42, -7, -11 
R white matter 
(temporal) 
 12 3.58 48, -25, -17 
L retrosplenial cortex 23 18 3.56 -9, -64, 16 
R superior temporal 
gyrus 
21 17 3.55 69, -22, -5 
R amygdala 34 12 3.49 12, 2, -14 
L angular gyrus 39 10 3.47 39, -67, 25 
Occipital pole 18 15 3.40 3, -97, 14 
R lateral ventricle  14 3.39 36, -49, 1 
L angular gyrus 39 11 3.37 -45, -73, 37 
L cuneus 19 18 3.32 -3, -91, 34 
Note. L = left, R = right, k = number of voxels. Coordinates are in MNI space. 
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Figure 3.  Classifier accuracy and evidence indicating the reinstatement of encoding-
related neural activity during source memory retrieval. The first time point (TR 1) 
corresponds to item onset. Error bars reflect ±SEM. (A) Mean classifier accuracy 
collapsed over all test items designated with correct source responses. The horizontal axis 
is placed at chance level of accuracy (33%). (B) Mean classifier evidence for items 
designated with correct source responses separated according to high and low confidence. 
Evidence is computed as the difference between classifier output for the correct encoding 
task and the mean classifier output for the two remaining (incorrect) tasks (chance = 0). 
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Figure 4.  Regions exhibiting source confidence effects (High > Low) for test items 
designated with correct source responses. The effects are overlaid on renderings and 
slices of a standard anatomical template. L = left hemisphere. Coordinates are in MNI 
space. (A) Clusters in (1) left parietal, (2) medial PFC, and (3) posterior cingulate ROIs. 
(B) Clusters in (4) left and (5) right hippocampus, identified at a lower statistical 
threshold. 
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Figure 5.  Time courses of activity in select ROIs for test items designated with correct 
source responses, separated according to high- and low-confidence. Mean activity is 
displayed for (1) left parietal, (2) medial PFC, (3) posterior cingulate, (4) left 
hippocampus, and (5) right hippocampus (error bars: ±SEM).  Time courses begin with 
item onset at the first time point (TR 1). 
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Figure 6.  Group-level correlations of classifier evidence with activity in left parietal 
region. Mean classifier evidence is plotted against BOLD signal in the left parietal ROI 
(averaged over TRs 4 and 5) for source-correct responses, collapsed over all confidence 
response categories (left panel), and separated according to high- (center panel) and low-
confidence (right panel). 
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DISCUSSION 
 
 
The purpose of this study was to investigate how the reinstatement of encoding-
related neural activity during memory retrieval relates to participants’ assessments of the 
subjective qualities of retrieved information. We employed pattern-classification analyses 
of fMRI data to assess the magnitude with which patterns of brain activity associated 
with encoding were reactivated (reinstated) at the time of retrieval. These reinstatement 
effects were then related to both behavioral and neural measures of how confident 
participants were about source memory retrieval. We demonstrate here that reinstatement 
increases with increasing source confidence, and identify activity in a set of regions that 
is sensitive to source confidence. Interestingly, the level of activity in left posterior 
parietal cortex – a region consistently shown to be sensitive to source memory retrieval – 
exhibited different relationships with the magnitude of reinstatement depending on 
whether the correlational analyses were carried out at the group level or at the individual 
trial level. In the following discussion, we attempt to reconcile these seemingly disparate 
correlational findings, with the goal of incorporating the reinstatement of episodic 
information into existing theories of how participants use that information in service of 
making subjective retrieval judgments. 
By employing whole-brain MVPA, we successfully classified with above-chance 
accuracy the prior encoding condition of old items that received correct source 
designations. Consistent with the findings of previous studies, we interpret these results 
as evidence of retrieval-related reinstatement of information from encoding (Polyn et al., 
2005; Johnson et al., 2009; McDuff et al., 2009; Kuhl et al., 2011). Using classifier 
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evidence to measure the magnitude of reinstatement according to confidence responses 
for correct source identifications, we found that the level of reinstatement for high 
confidence responses significantly exceeded that of moderate- and low-confidence 
responses. Consistent with Leiker and Johnson (2014), these findings lend further support 
to the notion that even strong memories involving the recollection of qualitative (e.g., 
source) information may be based on a graded process or signal, as opposed to relying on 
an all-or-none process (also see Wixted, 2007; Johnson et al., 2009; Mickes, Wais, & 
Wixted, 2009;  Wixted & Mickes, 2010). The current findings are the first, to our 
knowledge, to move beyond a simple association between variable levels of reinstatement 
and different recollection-based memory judgments, to indicate that varying levels of 
reinstatement may actually inform participants’ memory decisions. 
Related to the aforementioned findings of changes in reinstatement with respect to 
source confidence, one result that stands out is the near-chance level of reinstatement for 
low-confidence (and to some extent, moderate-confidence) source judgments. One 
possible explanation for this modest result is that, by focusing participants on different 
levels of source memory, our retrieval task may have operated in a manner analogous to 
the list-strength effect of behavioral studies of memory (Ratcliff, Clark & Shiffrin, 1990; 
Shiffrin, Ratcliff, & Clark, 1990; Murnane & Shiffrin, 1991; also see Norman, 2002; 
Diana & Reder, 2005; Norman, Tepe, Nyhus, & Curran, 2008). By this account, 
reinstatement may have been especially strong on a subset of trials, leading participants 
to make high-confidence judgments about source memory. When reinstatement was not 
as strong, however, participants may have been more inclined to settle on making a 
lower-confidence response than attempt to reinstate additional information.   
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An alternative possibility is that the low-confidence response category includes 
trials for which participants merely guessed the correct source, instead of recollecting 
source-identifying information. In this case, the inclusion of trials for which 
reinstatement presumably did not occur (i.e. guesses) would cause the level of 
reinstatement for the low-confidence source category to appear artificially lower. In 
follow-up studies, the inclusion of a guessing option for the source judgment (the first 
response step) might help to segregate such trials from those in which reinstatement is the 
basis for responding.  
In addition to the positive relationship between reinstatement magnitude and the 
behavioral measure of source memory confidence, we also examined other neural 
correlates of source memory. Consistent with the findings of previous studies, we 
identified a set of regions where activity was sensitive to participants’ confidence about 
correct-source judgments, such that activity was greater for high- relative to low-
confidence responses. This set of regions included left posterior parietal cortex, medial 
PFC, and posterior cingulate, which have often been identified as related to source 
memory and other graded measures of recollection  (Vilberg & Rugg, 2007, 2009a, 
2009b; Guerin & Miller, 2011; Yu et al., 2012a, 2012b). Additionally, we identified a 
similar pattern of graded activity in bilateral hippocampus, but at a lower statistical 
threshold, providing further support for previous findings of hippocampal sensitivity to 
confidence about recollection (Rugg et al., 2012; Yu et al., 2012b). Notably, the low-
confidence response category used to identify source-confidence effects in the current 
study differed from that of prior studies. Whereas the latter comprised low-confidence 
source correct trials and trials where the incorrect source was designated, in the current 
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study we restricted this response category to only those trials where source memory was 
correct (including moderate- and low-confidence responses). Although this difference in 
approach was primarily dictated by the number of trials available in each condition, it 
ultimately resulted in allowing us to strengthen the conclusions drawn in previous 
studies. That is, we demonstrate here that these regions are interested in source 
confidence when accuracy is held constant, rather than being confounded with source 
accuracy (as was the case by including incorrect source judgments in previous studies). 
Together, the findings of these studies fit with the interpretation that these regions are 
sensitive to a memory signal that reflects variation in the qualitative information that is 
retrieved.  
Having explored the relationship between source memory confidence and 
reinstatement, we next turn to the results of the correlational analyses between the 
magnitude of reinstatement and the aforementioned neural correlates of source memory. 
These analyses took two forms. The first was a group-level analysis, for which the mean 
activity from a given ROI and the mean reinstatement magnitude were correlated across 
participants. The second analysis followed a within-participant approach in which the 
mean activity from a given ROI was correlated with the mean reinstatement magnitude 
on a trial-by-trial basis, with the resulting correlation values then averaged across 
participants. Whereas the group-level analysis was employed to test the overall 
relationship between regions sensitive to source memory and reinstatement magnitude, 
the within-participant analysis has the potential to provide insight into how this 
relationship changes across individual trials. Of the regions described above as 
consistently sensitive to source memory, only activity in left posterior parietal cortex 
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exhibited a significant correlation with reinstatement magnitude at the group level. In 
other words, as the level of parietal activity increased for a given participant, the level of 
reinstatement increased as well. Such a result fits well with recent investigations 
identifying the parietal cortex as the only region, out of several recollection-sensitive 
regions, that is predominantly sensitive to finer gradations in the qualitative aspects of 
retrieved information. For this reason, the parietal cortex has been suggested to play a 
role in the maintenance or representation of information for retrieval (Vilberg & Rugg, 
2007, 2009a, 2009b; Yu et al., 2012a, Leiker & Johnson, 2014). The results of the group-
level analysis outlined above are consistent with such an appraisal.  
Despite the congruency of the group correlations with the interpretation outlined 
above, the results of within-participant (trial-based) correlations paint a different picture. 
As reinstatement increased on a trial-by-trial basis, the level of parietal activity for that 
same trial actually decreased. This negative correlation between reinstatement and 
parietal activity during an individual trial appears to violate the notion that parietal cortex 
is tracking the accumulation of retrieved information (reinstatement) in service of the 
memory decision. Instead, such results may indicate a possible tradeoff between parietal 
activity and reinstatement during a single trial. Such a tradeoff would not necessarily 
contradict the positive group correlation discussed previously. That is, it is possible that 
both reinstatement and posterior parietal activity play roles in informing participants’ 
retrieval decisions at the group level, but that only one of them is utilized in the making 
of an individual memory decision. In other words, although reinstatement and parietal 
activity might accomplish the same goal, participants might rely on only one or the other 
to make a single retrieval judgment. Nevertheless, the group-level correlation suggests 
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that participants who are more likely to rely on one of these processes are also more 
likely to rely on the other process, giving rise to enhanced memory performance.    
One other result from the trial-based correlational analyses deserves mention. 
Specifically, we failed to observe a correlation between the level of hippocampal activity 
and reinstatement magnitude. This null result is noteworthy given that multiple studies 
have demonstrated positive correlations between these two variables (Ritchey, Wing, 
LaBar, & Cabeza, 2012; Staresina et al., 2012; Gordon, Rissman, Kiani, & Wagner, 
2013). For example, Staresina et al. (2012) employed an index of reinstatement referred 
to as event-related similarity (ERS) in which the voxel-wise pattern of activity for a 
single item at encoding is correlated with the activity pattern for that item at retrieval. 
The authors observed reinstatement in parahippocampal cortex, and the level of 
reinstatement additionally correlated positively with the level of activity in hippocampus. 
Ritchey et al. (2012) found similar results, in which ERS patterns in occipital cortex and 
PFC cortices correlated positively with hippocampal activity. Based on the findings of 
these two studies, one possibility is that hippocampus is interested in event-specific 
reinstatement, rather than a broader form of task-specific reinstatement (as we 
investigated). A study by Gordon et al. (2013), however, seems to contradict that 
possibility: the positive correlation was identified even when classifying groups of items 
(as opposed to individual items). Upon closer examination, a characteristic common to 
these three studies is the focus of the encoding tasks on visual aspects of the items—
either by presenting richly-detailed visual stimuli (e.g., pictures of rooms and landscapes 
in Staresina et al., 2012; emotionally-charged pictures in Ritchey et al., 2012) or by 
instructing participants to visualize such stimuli (famous faces and scenes in Gordon et 
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al., 2013). It is therefore unsurprising that the resulting reinstatement effects were either 
restricted to or largely evident in brain regions that are typically involved in visual 
perception, such as occipital and temporal cortices (PFC shown by Ritchey et al. being an 
exception). In contrast, only the Artist task of the current study was likely to have 
focused participants on visual processing, whereas the Function and Cost tasks likely 
involved more abstract cognitive representations. Thus, our failure to identify a 
correlation between hippocampus and reinstatement may relate to the degree to which 
reinstated activity involved visual processing.  
To summarize, the current study demonstrates that variation in the neural signal 
reflecting reinstatement of episodic information during retrieval is related to source-
memory confidence. These findings support the notion that neural reinstatement provides 
a basis for judging the subjective quality (source confidence) of retrieval. We replicate 
previous findings in which regions sensitive to source memory confidence have been 
identified, including left posterior parietal cortex, medial PFC, posterior cingulate, and 
right hippocampus. Furthermore, the current study makes the novel contribution of 
providing evidence of a relationship between reinstatement magnitude and the level of 
activity in posterior parietal cortex. Whereas this relationship changed in direction going 
from the group-based to trial-based levels, it provides a preliminary view of how 
reinstatement and recollection-based processes contribute to episodic memory retrieval. 
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APPENDIX 
 
 
Supplemental Material 
Figure A1.  Importance maps indicating the voxels that were influential for the 
classification analysis that assessed encoding-retrieval reinstatement. “Importance” 
values were computed by multiplying the trained weight for a given voxel by that voxel’s 
average activity during the encoding phase. Voxels with positive activity and weight 
were assigned positive importance values, whereas those with negative activity and 
weight were assigned negative importance values. Voxels with opposite-signed activity 
and weight were rare and are not included in the importance maps shown here. 
Importance values were computed separately for each participant, with the results then 
averaged across participants. The resulting maps for each encoding task are displayed 
here, overlaid on a series of axial slices (z-coordinates are in MNI space; also see 
orthogonal view of slices). For display purposes, the maps are arbitrarily thresholded at 
±0.0002 (red: positive, blue: negative) for at least 20 contiguous voxels. L = left.  
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Figure A2.  Mean classifier evidence for correct source judgments, separated 
according to each confidence response (high, moderate, low) and collapsed over the peak 
period of the fourth and fifth TRs. As reported in the text, classifier evidence for high-
confidence correct source judgments was significantly greater than chance (t(15) = 6.42, 
p < .001). In contrast, classifier evidence for correct source judgments followed by 
moderate-confidence responses did not significantly differ from chance (p = .14). There 
were not enough subjects with sufficient trials to test low-confidence judgments.  
 
 
 
